Introduction: Early adulthood has been suggested as the most relevant time to determine the influence of testosterone on prostate carcinogenesis. For a more detailed assessment of this hypothesis, the present study examined whether serum total or free testosterone in young men was more closely associated with prostate cancer disparities. Methods: A literature search was conducted for studies that reported both total and free testosterone levels for population samples of young men, along with prostate cancer incidences for the populations from which study populations were sampled. A previously developed analytical method was used to standardize the hormone levels of 19 population samples gathered from nine studies, and these standardized values were compared with disparities in prostate cancer incidence. Results: Population differences in total testosterone levels were significantly associated with prostate cancer disparities, r ¼ 0.833, p ¼ 0.001, as were population differences in free testosterone, r ¼ 0.661, p ¼ 0.027. After controlling for age differences, total and free testosterone remained associated with prostate cancer disparities, partial r ¼ 0.888, p < 0.001, and partial r ¼ 0.657, p ¼ 0.039, respectively. A marginally significant difference existed in the strength of relationships between total and free testosterone with respect to prostate cancer disparities, with total testosterone exhibiting a stronger association, T 2 ¼ 1.573, p ¼ 0.077. Conclusions: Across analyses, total testosterone demonstrated a more robust relationship than free testosterone with cancer disparities, which may suggest that total testosterone is the more sensitive biomarker for evaluating androgenic stimulation of the prostate gland.
Introduction
The steroid hormone testosterone is fundamental to growth and regulation of the prostate gland [Hsing, 2001; O'Malley, 1971] . Testosterone is delivered to the prostate through circulation, where it is largely metabolized into a more potent androgenic form dihydrotestosterone, which promotes cellular proliferation of prostatic epithelium [Hsing, 2001] . Although androgens are often implicated in the development of prostate cancer, clinical evidence for this association has been mixed [Platz and Giovannucci, 2004; Grö nberg, 2003; Hsing, 2001 ]. An extensive meta-analysis of 18 prospective studies of men with prostate carcinoma compared with similarly aged controls found no significant relationship between levels of endogenous sex hormones and prostate cancer risk [Roddam et al. 2008 ]. However, studies included in this analysis measured sex steroid hormones in late middle-aged and elderly men when intra-and inter-population variation in testosterone levels is least detectable, such that later life would not be the most appropriate period for comparative analyses of men's testosterone profiles [Alvarado, 2010; Grönberg, 2003] . Previous research has found a relationship between testosterone levels during early adulthood and prostate cancer risk, suggesting that testosterone production in young men more appropriately captures relative differences in cumulative hormone exposure [Alvarado, 2010] . Indeed, levels of sex steroids decline at later ages in both men and women, and ecological studies testing the relationship between young adult steroid concentrations and the risk of hormone-sensitive cancers have reported strong associations for both sexes [Alvarado, 2010; Jasień ska and Thune, 2001; Jasień ska et al. 2000 ].
Total and free testosterone measures are frequently reported in the epidemiological and oncological literature, but the functional significance of these different measures is rarely investigated. Free steroids are lipid-soluble molecules that diffuse across cell membranes to interact with specific endocellular receptors, but must bind to carrier proteins for transport in peripheral circulation. Most serum testosterone is bound to two primary carrier proteins, sex hormone-binding globulin (SHBG) and albumin, with only a small fraction of testosterone circulating in free form. SHBG binds testosterone with high affinity, rendering the molecule biologically inactive. In contrast, the binding affinity of albumin is several orders of magnitude less, and albumin-bound testosterone is able to dissociate from its bond for entry into target tissues [Matsumoto, 2001] .
Total testosterone is a cumulative measure of circulating testosterone that includes both diffusible and protein-bound forms, whereas free testosterone is often regarded as a direct assessment of physiological availability [Rosner et al. 2007; Matsumoto, 2001] . Two methods widely used for determining free testosterone levels within circulation are radioimmunoassay (RIA) of an analog ligand to directly estimate free testosterone (direct RIA), and the calculation of free testosterone from total testosterone and the concentration of immunoassayed plasma proteins (calculated free testosterone) [Rosner et al. 2007; Vermeulen et al. 1999] . Experimental comparisons of laboratory methods have shown that calculated free testosterone produces reliable hormone values; however, direct RIA of free testosterone was found to be an inaccurate and inconsistent procedure [Rosner et al. 2007; Vermeulen et al. 1999; Winters et al. 1998 ], leading some researchers to question the continued use of this assay [Rosner, 2001] .
In addition to free testosterone, estimations of physiologically available testosterone are often reported in the literature, most notably, 'bioavailable' testosterone and free androgen index (FAI). FAI is a unitless quotient representing the concentration of total testosterone/the concentration of SHBG [Rosner et al. 2007 ]. FAI has repeatedly shown poor correlations with free testosterone measures, especially for men [Morris et al. 2004; Kapoor et al. 1993] . In contrast, bioavailable testosterone is the combined portion of free and albumin-bound testosterone and has shown strong correlations with other validated measures of free testosterone [Rosner et al. 2007; Morris et al. 2004; Morely et al. 2002; Vermeulen et al. 1999] .
A recent meta-analysis of studies reporting hormone levels for population samples of young men in relation to prostate cancer disparities found a positive, significant association between men's total testosterone levels and prostate cancer incidence [Alvarado, 2010] . It seems reasonable to expect that free testosterone would demonstrate a more robust relationship with cancer disparities than would total testosterone, given that free testosterone is able to diffuse into prostatic cells and support cell proliferation [Feldman and Feldman, 2001] . To the contrary, some studies have found significantly higher total testosterone levels in men from populations with an increased risk of prostate cancer while failing to find this relationship using free form measures of testosterone [Kehinde et al. 2006; Winters et al. 2001; Santner et al. 1998 ]. As such, the purpose of this examination was to formally test whether disparities in prostate cancer risk are more closely associated with young men's total or free testosterone measures in studies using assay procedures that are generally considered acceptable for healthy adult males.
Methods
A literature review was completed for studies reporting testosterone levels of presumably healthy men from population samples with a mean or median age of less than 39 years, so that the influence of age-related testosterone decline was reduced. The author searched PubMed for articles using the terms: androgen, epidemiology, prostate cancer, sex hormones, steroids, testosterone, ethnicity, and race. In addition, a manual search of bibliographies from the retrieved articles was completed. Some hormone datasets were reproduced within multiple publications, but only a single representation of each was used. Only studies reporting both total and free testosterone measures were included in this analysis.
Nine studies reporting testosterone values for 19 population samples were gleaned from the published literature. Each study compared two or more groups of men. Population samples were generally apportioned according to ethnicity and geographic residence: Americans of African, Caucasian, and Mexican ancestry from several regions within the United States as well as men from China, Hong Kong, Japan, New Zealand, South Korea, and Sweden. Agestandardized rates of prostate cancer incidence were collected from the regional population in which study samples were recruited. Cancer rates were gathered from a worldwide collection of cancer registries compiled within the Cancer Incidence in Five Continents Vol. IX database [Curado et al. 2007 ]. Every effort was made to match cancer incidences with the corresponding location and ethnicity of study samples, which was particularly important for US samples considering the extensive diversity of the American populace. See Table 1 for a descriptive summary of included studies.
Of the retrieved articles that met the specified criteria, there were studies excluded because of methodological limitations. As reviewed earlier, some immunoassay procedures have recognized problems; direct RIA of serum free testosterone and FAI have been shown to produce unreliable values for men [Rosner et al. 2007; Vermeulen et al. 1999; Kapoor et al. 1993] . Studies employing either of these methods were eliminated from the dataset, resulting in the exclusion of two studies [Kehinde et al. 2006; Wright et al. 1995] . One other study was excluded due to inadequacies of hormone analysis procedures. In this study [Ross et al. 1992] , newly acquired serum samples were compared with older specimens that were reanalyzed after storage for an extended period of time, which is methodologically problematic [Bolelli et al. 1995] . Also, hormone values from the older specimens in this study were reported within an earlier publication [Ross et al. 1986 ].
Studies included in the current analysis spanned more than two decades. Consequently, immunoassay procedures used to analyze hormone samples differed across nearly all of these studies, and a high degree of measurement variability among competing testosterone assays made direct comparisons of hormone levels between studies impossible [Boots et al. 1998 ]. To standardize these data so that an aggregate dataset could be constructed, a comparison of ratios was calculated in which the proportional difference of mean testosterone levels between population samples within a study was compared with the proportional disparity in prostate cancer incidence for populations from which study populations were sampled. This analytical method was developed previously [Alvarado, 2010] and can be expressed formally as follows:
Study Â population sample 1 testosterone Study Â population sample 2 testosterone in relation to Population 1 prostate cancer Population 2 prostate cancer Each value within this dataset represents a pairwise comparison of population samples from within a study. If a value were graphically represented, the data point would reference the proportional dissimilarity in testosterone between population samples on the x-axis, relative to the proportional disparity of prostate cancer on the y-axis. See Table 2 for calculations.
Population comparisons among 19 samples were analyzed, but employing within-study contrasts as the basic unit of analysis produced a dataset consisting of 11 values. Pearson's correlation coefficient was used to test for an association between population differences in testosterone levels and prostate cancer incidences. Population samples included in this dataset were relatively young, but it was still conceivable that age differences could exert an influence on subsequent analyses. See Table 1 for the ages of population samples. To address this concern, an average of the reported ages for each population comparison was calculated (or an average of midpoints when age ranges were reported), and population disparities of testosterone levels and prostate cancer were reanalyzed using partial correlation to control for age. All comparative population data were log transformed to better adhere to the parametric assumptions of Pearson's and partial correlation. Tests were two-tailed.
Williams T 2 statistic [Steiger, 1980; Williams, 1959 ] was used to determine whether a significant difference existed in the relative strength of the association between total and free testosterone in relation to prostate cancer disparities. Population comparison values were ageadjusted and log transformed for this analysis, as well. A one-tailed test was performed because of the limited statistical power of the small sample size (n ¼ 11), along with conservative nature of the Williams T 2 statistic.
Results
Population differences in total testosterone levels of young men were associated with population disparities in prostate cancer incidence, r(9) ¼ 0.833, p ¼ 0.001, as were population differences in free testosterone, r(9) ¼ 0.661, p ¼ 0.027. When age differences of the study samples were controlled for, total and free testosterone levels remained significantly associated with population disparities in prostate cancer incidence, partial r ¼ 0.888, df ¼ 8, p < 0.001, and partial r ¼ 0.657, df ¼ 8, p ¼ 0.039, respectively. See Figure 1 for a graphical representation of these relationships. It should be noted that the preceding analyses contained many direct population comparisons between African-and Caucasian-Americans (AA/CA). Although these comparisons were made among different regional populations within the United States, which vary greatly in their disparity in testosterone levels and prostate cancer (Table 2) , there was still potential for generating a biased outcome based on an overrepresentation of AA/CA comparisons. As such, a dummy variable was created that represented whether a comparison value was an AA/CA comparison. Controlling for the influence of whether a given value in the dataset was an AA/CA comparison had little effect, and prostate cancer disparities was significantly associated with population differences in total testosterone, partial r ¼ 0.833, df ¼ 8, p ¼ 0.003, and free testosterone, partial r ¼ 0.666, df ¼ 8, p ¼ 0.035.
In these analyses, population differences in total testosterone consistently showed a stronger relationship than free testosterone with population disparities in prostate cancer incidence. However, a formal test was needed to conclude whether this general trend is statistically meaningful. Using Williams T 2 statistic, total testosterone demonstrated a stronger association with prostate cancer disparities than did free testosterone, though this difference was marginally significant, T 2 ¼ 1.573, p ¼ 0.077.
Discussion
This meta-analysis used pairwise population comparisons from within a study to account for methodological variability across hormone datasets. Population differences in young men's total and free testosterone were associated with prostate cancer disparities, and this relationship became stronger for total testosterone after controlling for age, which may reflect the influence of men's age-related decline in testosterone levels, even among samples of relatively young men. Interestingly, total testosterone demonstrated a more robust association with prostate cancer than did free testosterone. If free testosterone represents the biologically active portion of the molecule, it is puzzling why total testosterone would demonstrate a stronger relationship with prostate cancer risk. It is possible that persistent methodological difficulties in obtaining free testosterone cumulated into more measurement error than was generated by total testosterone assays. However, to the extent that assay procedures with recognized problems were identified The original units of measurement as reported in the literature were retained so that testosterone values could be referenced.
2 Jakobsson et al. [2006] and Lookingbill et al. [1991] reported bioavailable testosterone, while all other studies reported free testosterone levels. 3 Rohrmann and colleagues reported testosterone values after controlling for anthropometry and lifestyle factors. 4 Tsai and colleagues reported longitudinal data for study samples, which were divided into prostate cancer cases and controls as well as by ancestry. Testosterone values for the earliest age reported were averaged between case and control groups for each ancestral group, and these values was used in analyses.
and eliminated from analyses, then paying closer attention to the underlying reproductive physiology may provide further insight.
Testosterone is synthesized by the Leydig cells within the testes, and is secreted from the testes primarily into the spermatic vein where testosterone binds to plasma proteins for transport to target tissues [Matsumoto, 2001] . The precise circulatory pathways by which testosterone is delivered throughout the body are not understood completely, but studies on circulatory processes of the male reproductive tract in humans and other mammalian species have demonstrated that: the spermatic vein has the highest concentration of androgens compared with all other points in circulation; the testicular artery has a higher androgen concentration than is found in peripheral circulation because of venousarterial transfer with spermatic vein blood; and reproductive organs in close anatomical proximity to the testes, including the prostate, have a higher concentration of androgens compared to other body tissues [Nishihara and Suzuki, 1980; Damber et al. 1979; Free, 1977] . Taken together, blood throughout the male reproductive tract is rich in androgenic hormones and accessory sex organs surrounding the testes experience increased hormone exposure.
Recently, a previously unrecognized route of venous flow from the testes to the prostate that bypasses systemic circulation was identified in men with impaired testicular venous drainage (varicocele), and selective occlusion of this circulatory pathway with microsurgery or sclerotherapy substantially reduced prostate exposure to free testosterone [Gat et al. 2009 [Gat et al. , 2008 . Figure 1 . Proportional disparity in prostate cancer incidence with respect to proportional disparity in (a) total testosterone, y ¼ 12.96x 0.56, R 2 ¼ 0.69, and (b) free testosterone, y ¼ 11.68x 0.36, R 2 ¼ 0.44. After adjustment for age, proportional disparity in prostate cancer incidence with respect to proportional disparity in (c) total testosterone y ¼ 15.37x þ 0.00, R 2 ¼ 0.79, and (d) free testosterone, y ¼ 11.78x þ 0.00, R 2 ¼ 0.43. Population comparison values were log transformed. Abbreviations for population samples: AA, African-American; CA, Caucasian-American; MA, Mexican-American; CHN, Chinese; JPN, Japanese; KOR, South Korean; NZ, New Zealander; SWE, Swedish. Data points were labeled according to the ethnicity and region of population samples.
This pathway has not been examined in men with uncompromised reproductive vasculature, but if direct venous flow between the testes and prostate exists to some degree in healthy men (although certainly to a lesser extent than men diagnosed with varicocele), androgenic stimulation of the prostate would be much greater than is indicated by free testosterone levels collected from peripheral circulation. Because total testosterone is a cumulative measure of free and bound forms, it may serve as a closer approximation of free testosterone concentration within reproductive tract circulation given that a considerable fraction of protein-bound testosterone collected at periphery would have circulated in free form near the testes.
